Humans are willing to incur personal costs to punish others who violate social norms. Such "costly punishment" is an important force for sustaining human cooperation, but the causal neurobiological determinants of punishment decisions remain unclear. Using a combination of behavioral, pharmacological, and neuroimaging techniques, we show that manipulating the serotonin system in humans alters costly punishment decisions by modulating responses to fairness and retaliation in the striatum. Following dietary depletion of the serotonin precursor tryptophan, participants were more likely to punish those who treated them unfairly, and were slower to accept fair exchanges. Neuroimaging data revealed activations in the ventral and dorsal striatum that were associated with fairness and punishment, respectively. Depletion simultaneously reduced ventral striatal responses to fairness and increased dorsal striatal responses during punishment, an effect that predicted its influence on punishment behavior. Finally, we provide behavioral evidence that serotonin modulates specific retaliation, rather than general norm enforcement: depleted participants were more likely to punish unfair behavior directed toward themselves, but not unfair behavior directed toward others. Our findings demonstrate that serotonin modulates social value processing in the striatum, producing context-dependent effects on social behavior.
Introduction
When deciding how to share resources, humans have a preference for fairness, and some are even willing to incur personal costs to ensure fair outcomes (Camerer, 2003) . Such "costly punishment" behavior varies dramatically between individuals and across cultures (Henrich et al., 2006) , but the biological basis of this variability remains poorly understood. We recently examined how variation in costly punishment behavior is shaped by serotonin, a neurotransmitter long implicated in social behavior (Kiser et al., 2012) . Reducing serotonin levels in humans increased costly punishment (Crockett et al., 2008) , while enhancing serotonin function decreased costly punishment (Crockett et al., 2010a) .
How might serotonin shape costly punishment decisions? One influential economic model posits that costly punishment is driven by preferences for fair outcomes (defined as equitable wealth distributions; Fehr and Schmidt, 1999) . In this model, those who care more about fairness are more likely to punish those who violate fairness norms (Fehr and Fischbacher, 2003; . Fair outcomes activate regions associated with valuation, including the ventral striatum (VS) and medial prefrontal cortex (mPFC) Tricomi et al., 2010) . Reducing serotonin may therefore increase costly punishment by enhancing the subjective value of fairness and its representation in the VS and mPFC.
Alternative models highlight preferences for reciprocity in driving punishment decisions (Rabin, 1993; Dufwenberg and Kirchsteiger, 2004) . In these models, individuals gain utility by reducing the payoffs of those who have behaved unfairly toward them (i.e., retaliation). Neuroimaging studies report activation in the dorsal striatum (DS) during retaliation against breaches of trust (de Quervain et al., 2004) , unfairness (Sanfey et al., 2003; Strobel et al., 2011) , and aggression (Krämer et al., 2007) . DS activation is positively correlated with the amount spent to punish, greater during "effective" payoff-reducing punishment than "symbolic" nonpecuniary punishment (de Quervain et al., 2004) , and greater when payoff reductions are high than low (Strobel et al., 2011) . These patterns suggest that the DS computes the subjective value of reducing the payoffs of norm violators. Thus, reducing serotonin may increase costly punishment by enhancing the subjective value of retaliation and its representation in the DS.
Note that these models make different predictions about punishment decisions in different social contexts. Whereas retaliation motivates punishment of unfair behavior directed toward oneself (secondparty punishment) but not toward others (third-party punishment), fairness preferences motivate punishment of unfair behavior directed both toward oneself and toward others .
As impaired serotonin function has been linked to reactive aggression (Linnoila et al., 1983; Virkkunen et al., 1994; Higley et al., 1996) , we predicted that serotonin regulates retaliatory motives in the context of costly punishment. We tested this hypothesis using a combination of behavioral and neuroimaging methods. If serotonin regulates fairness preferences, serotonin depletion should increase both second-and third-party punishment, and neuroimaging should reveal enhanced fairness-related responses in the mPFC and VS. Conversely, if serotonin regulates retaliatory motives, serotonin depletion should increase only second-party punishment, and neuroimaging should reveal enhanced activity in the DS, specifically during retaliation.
Materials and Methods
Overview. We acquired functional magnetic resonance imaging (fMRI) data while participants decided whether to punish fair and unfair behavior directed toward themselves in a series of one-shot ultimatum games (UGs). In the UG, one player (the proposer) suggests a way to split a sum of money with a second player (the responder). If the responder accepts the offer, both players are paid accordingly. If the responder rejects the offer, neither player is paid. Responders tend to reject offers Ͻ20 -30% of the total stake, despite the fact that such retaliation is costly (Camerer, 2003) . During our UG task, participants decided whether to accept or reject UG offers from human proposers and computer proposers (Fig. 1A) , and also viewed offers from human proposers in a nochoice condition where subjects were unable to accept or reject (Fig. 1B) . We included the computer condition as a "nonsocial" comparison condition (Rilling et al., 2002 (Rilling et al., , 2008 Sanfey et al., 2003; Baumgartner et al., 2008) , Figure 1 . Experimental design. A, In each one-shot ultimatum game, participants viewed a photograph of the Proposer, the amount of the stake, and the offer, and decided whether to accept or reject the offer while the offer was on the screen. B, In the No-Choice condition of the ultimatum game, participants viewed an identical set of offers but their decisions were determined randomly. C, Offers in the ultimatum game. Each bubble represents an offer. The size of the bubble represents its magnitude, and its vertical position corresponds to its fairness. Offer magnitude and offer fairness were not significantly correlated (r ϭ 0.006, p ϭ 0.968), which permitted us to detect BOLD responses to fairness over and above responses to magnitude.
which enabled us to examine whether acute tryptophan depletion (ATD) affected the neural correlates of social engagement with the UG task. We included the second, no-choice control condition specifically to test the influence of serotonin on neural responses to actively rejecting unfair offers, relative to simply receiving unfair offers.
UG offers ranged from 20 -50% of the shared endowment. Importantly, we orthogonalized the material value and the fairness of the offers, which allowed us to parametrically model neural responses to fairness over and above material value (Fig. 1C) . This was a key aspect of our design, as previous studies have shown that serotonin manipulations can influence behavioral and neural responses to monetary rewards (McCabe et al., 2010; Abler et al., 2012; Seymour et al., 2012) . Because fair and unfair offers were matched for material value, this design allowed us to infer that brain regions showing differential responses to fair versus unfair offers were responding to the fairness of the offers and not their material value .
Outside of the scanner, we assessed participants' willingness to punish fair and unfair behavior directed toward others in a series of one-shot third-party punishment games. In each game, participants had the opportunity to spend a portion of an endowment to reduce the payoff of a proposer who had made a fair or unfair monetary transfer to a "receiver" (see Fig. 5A ). Proposer transfers in the third-party punishment game ranged from 10 to 50%.
We manipulated serotonin using ATD, a dietary technique that lowers serotonin brain tissue levels (Moja et al., 1989; Stancampiano et al., 1997) . Participants completed both tasks twice, once following ATD and once following placebo in a double-blind, counterbalanced crossover design.
Participants. Thirty healthy volunteers (17 females; mean age: 25.1 Ϯ 3.2 years) gave their written informed consent and were financially compensated for participating in this study that was approved by the Cambridgeshire Research Ethics Committee. Exclusion criteria included history of cardiac, hepatic, renal, pulmonary, gastrointestinal, and neurological disorders; medication/recreational drug/tobacco use; and personal/family history of major depression, bipolar affective disorder, or other psychiatric diseases. One participant was excluded from the final analysis due to back-wrapping artifact in the raw imaging data, and another was excluded due to excessive movement in the scanner (Ͼ7 mm), leaving 28 participants in the final analysis.
Experimental procedure. Participants attended two experimental sessions, separated by at least 1 week, and were assigned to receive either placebo or ATD on the first session in counterbalanced order. Upon arrival (between 0830 and 1000), participants completed trait questionnaires, gave a blood sample (10 ml), and ingested either the placebo or ATD drink (75 g). After a 5.5 h delay during which participants read or studied in a quiet waiting room, participants gave a second blood sample and completed the UG task in the fMRI scanner.
After exiting the scanner, participants completed the third-party punishment game, and rated on a Likert scale the fairness of six offers representative of those viewed in the scanner. Following this, they completed a reinforced categorization task, the results of which are reported separately (Crockett et al., 2012) .
Mood was assessed twice using the Positive and Negative Affect Scale (PANAS; Watson et al., 1988) : upon arrival and just before testing. The amino acid drinks used for the ATD procedure were prepared by SHS International, using a standard composition identical to those used in previous studies (Crockett et al., 2008) .
At the end of the second session, we asked subjects to guess on which session they received ATD and on which session they received placebo. Group performance was at chance (accuracy mean Ϯ SE: 0.4 Ϯ 0.09). We also asked subjects to rate, on a seven point Likert scale (1 ϭ "not at all," 7 ϭ "completely") the extent to which they believed whether they would be paid for their decisions. These ratings indicated subjects' acceptance of the UG cover story (mean Ϯ SE ϭ 5.39 ϩ 0.35). We note that participants in our study rejected about half of the unfair (20 -30%) offers, consistent with the findings of UG experiments that do not use deception (Camerer, 2003) .
ATD manipulation check. Blood samples were analyzed for tryptophan as well as the large neutral amino acids (LNAAs) tyrosine, valine, phenylalanine, isoleucine, and leucine. The analysis was performed using HPLC following procedures identical to those described in previous studies from our group (Crockett et al., 2008) . ATD resulted in significant reductions in the ratio of tryptophan to other LNAAs (TRP:SigmaLNAA), which is the critical measure for validating the effects of ATD (Booij et al., 2003) . A repeated-measures ANOVA revealed a significant two-way interaction between treatment and time (F (1,27) ϭ 28.605, p Ͻ 0.0001), resulting from significant reductions in the TRP:SigmaLNAA ratio 5 h following ATD relative to placebo. Simple effects analyses showed an 85% decrease in the TRP:SigmaLNAA ratio on the ATD session (t (27) ϭ 12.404, p Ͻ 0.001), with no significant change in the TRP:SigmaLNAA ratio on the placebo session (t (27) ϭ 0.537, p ϭ 0.598).
Consistent with previous studies in healthy volunteers, ATD did not affect subjects' self-reported mood. PANAS scores were analyzed immediately before drink ingestion and immediately before fMRI scanning. A repeated-measures ANOVA with treatment (ATD, placebo) and time point (baseline, ϩ5.5 h) as within-subjects factors found no significant effects of treatment, time point, or their interaction on PANAS-positive affect (all p Ͼ 0.13) or negative affect (all p Ͼ 0.15).
Second-party punishment task: ultimatum game. All stimuli were presented using EPrime 1.2. On each trial, participants viewed sequentially a fixation cross (jittered 1-2 s), a photograph of the proposer (1 s), the stake size (0.5 s), and the offer (4 s). While each offer was on the screen, participants pressed a left button to "accept" and a right button to "reject." Offers were divided among three conditions. In the human proposer condition (96 trials), participants responded to offers from human proposers, denoted by a photograph of a person at the start of the trial (Fig. 1A ). In the computer proposer condition (48 trials), participants responded to offers from computers, denoted by a picture of a computer at the start of the trial. Participants were instructed that in the computer proposer rounds, their decisions would only affect their own payment. In the no-choice condition (48 trials), participants viewed offers from human proposers, denoted by a photograph of the person at the start of the trial, and were presented with the options "xxxxx" and "xxxxx" (Fig. 1B) . In the no-choice condition, subjects were informed that their decision would be determined by a random device, and were instructed to make a random button press on these trials. Each condition contained an identical set of 48 offers that ranged from 20 of 50% of the stake (Fig. 1C) . Importantly, we controlled for the material value of the offers such that the same amount could appear as a fair offer (e.g., £5 of 10) or unfair offer (e.g., £5 of 20). Offers were presented in random order across two functional runs (15 min each). Null events (blank screen of duration 6.5-7.5 s) occurred on 30% of trials. Subjects saw the same set of offers in each treatment session. Photographs of proposers were drawn from participants in previous studies and Cambridge residents; subjects understood that the offers were made by participants in previous experiments. Proposer identities were randomly paired with offers across subjects, and subjects saw each photograph only once. Participants were told that one trial would be selected from the experiment, and that they and the proposer would be paid according to their decision on that trial. Third-party punishment task. In this task, participants observed oneshot dictator games between two other participants (ostensibly volunteers from prior experiments, using the same cover story as in the UG) assigned to the roles of "proposer" and "receiver." On each trial, participants were endowed with £5 and could pay up to 50 p to reduce the proposer's payoff at a 1:3 ratio (i.e., up to £1.50).
According to the third-party punishment instructions, the proposers in this game believed they were playing an ultimatum game; therefore, the proposers knew they could be punished for low offers, and our subjects (the observers) knew this. After the proposers made their offers, we (the experimenters) removed the responder's right to reject the offers; again, our subjects (the observers) knew this. Finally, our subjects (the observers) had the option to pay to reduce the payoffs of the proposers after viewing their offers.
Participants were instructed that one round would be randomly selected and paid out to them, the proposer and the receiver. On each round, participants saw photographs (as in the UG) of the proposer and receiver (2000 ms; Fig. 5A ) and then saw the proposer's offer and had unlimited time to decide whether to pay to take money away from the proposer. Participants completed 16 rounds of the third-party punishment game; in these rounds, participants decided whether and how much to spend to reduce the payoffs of proposers that had offered 10, 20, 30, and 50% of the stake (four rounds of each). Compared with the UG, in the third-party punishment game we additionally included extremely inequitable offers (10%) to guard against potential floor effects, because previous studies have shown that people are less willing to engage in thirdparty than second-party punishment . The dependent measure was the amount of money paid to reduce the proposer's payoff, as a function of the fairness of the proposer's offer.
Behavioral data analysis. Binary UG choice data (accept/reject) were analyzed using repeated-measures logistic regression implemented with the generalized estimating equations procedure, which generates a 2 statistic, 95% confidence interval, and an associated p value. We modeled the within-subjects effects of treatment (ATD, placebo), offer fairness (proportion of stake), and their interaction on rejection decisions. UG reaction time data and third-party punishment choice data (amount spent to punish) were analyzed using repeated-measures ANOVA with treatment (ATD, placebo) and offer fairness as withinsubjects factors. For all analyses, gender and treatment order were initially included as between-subjects factors and dropped from subsequent analyses when nonsignificant. Behavioral data analyses were performed using PASW Statistics (v18). On displayed figures, error bars indicate the SE of the difference in means (SED), the appropriate index of variation in within-subject designs.
fMRI data acquisition. A 3 T unit (Tim Trio; Siemens) located at the Wolfson Brain Imaging Centre (Cambridge, UK) was used to collect high-resolution T1-weighted structural images (1 ϫ 1 ϫ 1 mm) for spatial normalization and T2*-weighted echo planar images (32 axial slices, 3 mm thickness; repetition time, 2000 ms; echo time, 30 ms; voxel size, 3 ϫ 3 ϫ 3 mm; field of view, 192 mm).
fMRI preprocessing. All preprocessing and analysis was performed in SPM8 (Wellcome Department of Imaging Neuroscience). Images were realigned to the first scan of the first session and unwarped using field maps; spatially normalized via segmentation of the T1 structural image into gray matter, white matter, and CSF using ICBM tissue probability maps; and spatially smoothed with a Gaussian kernel (8 mm, full-width at half-maximum).
fMRI analysis: fairness. fMRI time series were regressed onto a general linear model containing the following regressors: H1, a stick function denoting a human proposer trial; H2, H1 modulated by offer magnitude; H3, H1 modulated by offer fairness (defined as the proportion of the stake); C1, a stick function denoting a computer proposer trial; C2, C1 modulated by offer magnitude; C3, C1 modulated by offer fairness; N1, a stick function denoting a no-choice trial; N2, N1 modulated by offer magnitude; and N3, N1 modulated by offer fairness. We orthogonalized offer fairness with respect to offer magnitude to identify the independent contribution of fairness to blood oxygenation level-dependent (BOLD) signal after accounting for activity related to offer magnitude. Each regressor was convolved with the canonical hemodynamic response function and its temporal derivative. For all models described, data from ATD and placebo sessions were modeled separately at the first level, and treatment effects were computed at the second level (random-effects analysis) using paired t tests.
fMRI analysis: retaliation. To test the effects of ATD on neural activation associated with the rejection of unfair offers, we created a model with the following regressors: HUA, accepted unfair offer from a human proposer; HUR, rejected unfair offer from a human proposer; HFA, accepted fair offer from a human proposer; CU, unfair offer from a computer proposer; CF, fair offer from a computer proposer; NUL, left button press on an unfair no-choice trial; NUR; right button press on an unfair no-choice trial; and NF, fair offer on a no-choice trial. All regressors were modeled as stick functions and convolved with the canonical hemodynamic response function and its temporal derivative. To maximize the number of trials available for analysis, we defined "unfair" offers as Ͻ45% and "fair" offers as 45-50%. We were unable to separately model rejected and accepted unfair offers from computer proposers because a large subset of our participants never rejected offers from computer proposers. We were unable to estimate this model for three subjects due to their choices in the task. For the brain-behavior correlation, we extracted the mean parameter estimate for each subject from a 4 mm radius sphere centered on the peak coordinates of the contrast [HUR_ATD Ͼ HUR_PLA] and regressed those values against each subject's change in rejection rate from placebo to ATD.
fMRI analysis: correction for multiple comparisons. We report as significant only results surviving small-volume correction for multiple comparisons (cluster-level corrected after voxelwise thresholding at p Ͻ 0.005, k ϭ 10). For small-volume correction, anatomical masks based on a priori regions of interest (ROI) were constructed using the Automated Anatomical Labeling anatomical atlas for mPFC (Tzourio-Mazoyer et al., 2002) and an anatomical parcellation of the striatum, which distinguishes ventral and dorsal subdivisions (Martinez et al., 2003) . Masking of contrasts was performed using the PickAtlas tool in SPM8 (Maldjian et al., 2003) . Small-volume correction was applied based on the number of voxels in the ROI masks. For display purposes, parameter estimates from significant clusters were extracted from 4 mm radius spheres centered on the peak coordinates of the relevant contrast. Some of the results that survived small-volume correction were strong enough to also survive whole-brain correction; we therefore report whole-brain corrected p values for those results.
Results
Behavior: ATD and second-party punishment First, we examined the behavioral effects of ATD on second-party punishment of human proposers in the UG. In line with previous research, participants were significantly more likely to reject unfair than fair offers (main effect of fairness, 2 (1,27) ϭ 93.539, p Ͻ 0.001). The effects of ATD interacted significantly with offer fairness ( 2 (1,27) ϭ 6.154, p ϭ 0.013). Consistent with our previous findings (Crockett et al., 2008 (Crockett et al., , 2010a , ATD increased rejection rates relative to placebo, particularly for moderately unfair offers ( Fig. 2A) . The order of treatments (whether subjects received ATD first or placebo first) did not affect the results (all p Ͼ 0.495).
In addition to increasing rejection rates, ATD altered reaction times. On placebo, participants were fastest to accept equal splits (main effect of fairness, F (3,27) ϭ 27.563, p Ͻ 0.001). ATD slowed reaction times, specifically for the equal splits (treatment-byfairness interaction, F (3,27) ϭ 3.461, p ϭ 0.039; Fig. 2B ). The behavioral effects of ATD did not seem to be driven by changes in perceptions of fairness, however; ATD did not significantly influence fairness ratings for a representative sample of offers, collected using a postscanning questionnaire (treatment: F (3,27) ϭ 2.194, p ϭ 0.15; treatment-by-fairness: F (3,27) ϭ 0.855, p ϭ 0.431). Thus, the data suggest that ATD influenced preferences about social outcomes, given a set of perceptions about what is fair.
Neuroimaging: ATD and fairness
Note that both retaliatory motives and fairness preferences could drive rejection decisions in the UG. To investigate the motivational processes mediating the effects of ATD on rejection in the UG, we first turned to the fMRI data. To identify brain regions whose response to offer fairness in the UG differed across treatments, offer size and offer fairness on each trial were entered as parametric regressors in a model fitted to the presentation of the offers. From this analysis, we identified regions in which BOLD signal correlated with the fairness of offers from human proposers ( p Ͻ 0.05, cluster level familywise error corrected after voxelwise thresholding at p Ͻ 0.005, k ϭ 10). On the placebo session, fair offers (relative to unfair offers) were associated with activation in the VS ( p ϭ 0.018, small volume corrected for VS) and mPFC ( p ϭ 0.023, small volume corrected for mPFC), consistent with previous studies Tricomi et al., 2010; Zaki and Mitchell, 2011) . Our primary goal was to identify regions that responded differently to offer fairness on ATD versus placebo. We observed a significant interaction between fairness and treatment in the VS ( p ϭ 0.045, small volume corrected for VS; Fig. 3A) .
This finding is noteworthy because several previous studies have implicated the VS in representing fairness preferences. In particular, the VS responds to fairness over and above material value and shows a pattern of activity consistent with fairness preferences (Tricomi et al., 2010) . Thus, if ATD increased costly punishment by enhancing concerns for fairness, we should see stronger VS responses to fairness on ATD, relative to placebo. To address this question, we examined the fairness parameter estimates extracted from the peak activation in the VS, separately for the ATD and placebo sessions. Contrary to our hypothesis, ATD actually reduced VS responses to fairness, relative to placebo (Fig. 3B) . At a less stringent threshold ( p Ͻ 0.001, uncorrected), the mPFC and midbrain showed a similar pattern to the VS. These findings provide clear evidence against the hypothesis that ATD increased costly punishment by enhancing concerns for fairness.
Previous studies have shown that ATD alters aspects of social perception and appraisal (Williams et al., 2007; Bilderbeck et al., 2011) . Thus, ATD may have reduced VS responses to fairness simply by reducing social engagement with the UG task. To address this possibility, we contrasted offers from human proposers with offers from computer proposers. On the placebo session, offers from human proposers (relative to those from computer proposers) were associated with greater activation in several regions associated with motivation, including a cluster encompassing the amygdala and striatum ( p Ͻ 0.001, whole-brain corrected) as well as the mPFC ( p ϭ 0.001, whole-brain corrected). Importantly, however, ATD did not significantly affect the differential response to human versus computer offers in any of these regions, suggesting that subjects were equally socially engaged with the task on the ATD and placebo sessions.
Neuroimaging: ATD and retaliation
An alternative explanation for the behavioral effects of ATD on costly punishment is that ATD enhanced the subjective value of retaliation. If this is the case, fMRI should reveal stronger responses in reward circuitry during retaliation following ATD, relative to placebo. Specifically, when subjects reject unfair offers in the UG, on ATD we might expect to see enhanced activity in the DS, which has been associated with retaliation in prior studies (de Quervain et al., 2004; Krämer et al., 2007; Strobel et al., 2011) .
We tested this hypothesis in a second model that captured the effects of ATD on neural activity during the rejection of unfair offers from human proposers. Our findings supported our prediction: relative to placebo, ATD increased activity in bilateral DS during rejection of unfair offers ( p ϭ 0.003, whole-brain corrected; Fig. 4A ).
Next, we tested whether the DS activity enhanced by ATD was associated specifically with the rejection of unfair offers, rather than unfairness per se, by contrasting unfair offers where subjects chose to reject with unfair offers in the no-choice condition. ATD increased DS activity during rejection of unfair offers, relative to unfair offers in the no-choice condition ( p ϭ 0.048, small volume corrected for DS), demonstrating that the signal in DS enhanced by ATD was specific to costly punishment, rather than unfairness per se.
Finally, we examined whether increases in DS activity during rejection of unfair offers on ATD (relative to placebo) were correlated, across subjects, with increases in rejection behavior on ATD (relative to placebo). Indeed, subjects showing the greatest increases in right DS activity during rejection on ATD were those that also showed the greatest increases in rejection rates on ATD (r ϭ 0.42, p ϭ 0.036; Fig. 4B) .
As a robustness check, we conducted an additional analysis to test whether our results support the view that the DS motivates costly punishment under baseline (placebo) conditions (de Quervain et al., 2004; Strobel et al., 2011) . We regressed participants' rejection rates on the placebo session onto the contrast [Unfair Reject Ͼ Unfair No choice] on the placebo session, and observed a cluster in the DS ( p ϭ 0.031, small volume corrected for DS), in line with our prediction.
Behavior: ATD and third-party punishment Together, the neuroimaging findings suggest that ATD increased second-party punishment by enhancing retaliatory motives, while at the same time reducing (rather than enhancing) fairness preferences. This set of findings leads to the perhaps counterintuitive hypothesis that serotonin may have different effects on costly punishment in different contexts. Specifically, if impairing serotonin function increases costly punishment by strengthening fairness preferences, following ATD subjects should be more likely to punish unfair behavior directed toward others as well as themselves. Conversely, if impairing serotonin function increases costly punishment by enhancing retaliatory motives, following ATD subjects should be more likely to punish unfair behavior directed only toward themselves. As a final test, we therefore examined the effects of ATD on third-party punishment behavior (Fig. 5A) .
If ATD increased costly punishment in the UG by enhancing fairness preferences, then we should also observe increased thirdparty punishment following the ATD treatment, relative to placebo. In fact, we observed a trend in the opposite direction. Participants paid more to punish proposers as their offers became increasingly unfair (main effect of fairness, F (1,27) ϭ 58.555, p Ͻ 0.001), but ATD tended to decrease third-party punishment of unfair, but not fair behavior (fairness-by-treatment interaction, F (1,27) ϭ 2.709, p ϭ 0.050; Fig. 5B ). We did not observe any effects of ATD on response times in third-party punishment (treatment: F (1,27) ϭ 0.450, p ϭ 0.508; treatment ϫ fairness: F (3,27) ϭ 0.746, p ϭ 0.528).
Discussion
Our findings provide a mechanistic account of how serotonin shapes costly punishment behavior. Supporting our hypothesis, we found neural and behavioral evidence indicating that serotonin regulates retaliatory motives in costly punishment. ATD selectively increased retaliation against unfair behavior directed toward oneself, and enhanced activity in the DS during retaliation. The DS has consistently been implicated in instrumental reward anticipation (O'Doherty, 2004; Tricomi et al., 2004) , raising the possibility that ATD may have increased the expected satisfaction resulting from costly punishment. In addition, the DS is involved in avoiding aversive outcomes (Delgado et al., , 2009 , which could indicate that ATD enhanced the motivational drive to avoid unfair outcomes. The observed effects of ATD on DS activity during rejection of unfair offers are unlikely to simply reflect changes in reaction time, as ATD did not affect reaction times for unfair offers (Fig. 2B) .
We observed individual differences in the size of the effect of ATD on costly punishment behavior. Previous studies have shown that the behavioral effects of ATD are moderated by individual differences in genetic polymorphisms (Roiser et al., 2006) or behavioral traits such as aggression (Bjork et al., 2000) . In the current study, individual differences in the behavioral effects of ATD were predicted by individual differences in the neural effects of ATD. Participants showing the strongest behavioral effect of ATD on costly punishment also showed the strongest neural effect of ATD on DS activity during punishment. Our data thus dovetail with previous studies implicating the DS in costly punishment (de Quervain et al., 2004; Strobel et al., 2011) and extend them by supporting a causal role for the DS in retaliatory motives. We previously reported data suggesting that enhancing serotonin function reduced costly punishment by increasing aversion to harming others (Crockett et al., 2010a) ; consistent with this interpretation, the current findings suggest that impairing serotonin function may reduce aversion to harming interaction partners, to the extent that it may even be pleasurable in certain contexts.
Our results also point toward a role for serotonin in enhancing fairness preferences. Reducing central serotonin levels blunted responses in the VS to fairness and slowed response times for accepting fair offers. Previous studies have implicated the VS in processing the subjective value of fair and cooperative social exchanges (Tricomi et al., 2010; Rilling and Sanfey, 2011) . We note that if ATD had increased costly punishment by enhancing the salience of fairness preferences, we might have observed increased, rather than decreased VS responses to fairness following ATD. Instead, our results suggest that ATD in fact reduced the subjective value of fairness. This explanation is consistent with our behavioral finding that ATD actually reduced third-party costly punishment, in which fairness preferences play a decisive role . One limitation of the current study is that the act of punishing is not directly comparable across second-(UG) and third-party conditions, both in terms of how it is accomplished and its cost. However, we note that second-and third-party punishment are rarely equivalent outside of the laboratory, and despite the differences between the tasks, the pattern of results we observed argues against a unified punishment motive.
In addition to reducing VS responses to fairness, ATD also influenced decision times for fair offers. On the placebo session, participants were fastest to accept fair offers, similar to a previous study in children (Blake et al., 2011) and recent work showing that cooperative decisions are faster than selfish ones (Rand et al., 2012) . In the ATD session, participants were significantly slower to accept fair offers, which could reflect a reduced motivation to engage in cooperative social exchange. This interpretation is consistent with the observation that ATD reduces cooperative decisions in a repeated prisoner's dilemma (Wood et al., 2006) , while enhancing serotonin function has the opposite effect (Tse and Bond, 2002 ). An obvious next step would be to test whether enhancing serotonin function promotes positive reciprocity by boosting VS responses to mutual cooperation (Rilling and Sanfey, 2011) .
Previous studies have reported that changes in subjective mood can influence costly punishment behavior (Harlé and Sanfey, 2007; Harlé et al., 2012) . To rule out this possibility, we collected selfreported measures of positive and negative affect. Consistent with previous ATD studies, we did not observe significant effects of ATD on subjective ratings of positive or negative affect. Thus, the effects described here are unlikely to be due to ATD-induced changes in subjective mood.
Importantly, our findings suggest some form of motivational opponency between the VS and DS that is modulated by the level of serotonergic activity, with lower levels biasing behavioral control toward the DS. Whether this reflects a more general motivational opponency that also operates in nonsocial circumstances to guide instrumental behavior under conflict is an interesting possibility. Serotonin normally provides inhibitory tone over the striatum (Di Cara et al., 2001) , and promotes behavioral inhibition (Crockett et al., 2009 (Crockett et al., , 2012 Boureau and Dayan, 2011) . Notably, serotonin activity is diminished when animals can exert control over their environment (Amat et al., 2005) . This finely tuned regulatory architecture could adaptively promote instrumental actions in appropriate contexts, and inhibit them when they are likely to be futile. Such contextual sensitivity is especially important for reciprocal social interactions, where a single inappropriate action can have disastrous reputational consequences.
Escalated aggression is one example of inappropriate social behavior, and is associated with impaired serotonin function in humans and primates (Higley et al., 1996; Krakowski, 2003) . In primates, low serotonergic activity is implicated specifically in severe, unrestrained aggression that often results in wounding or death, rather than controlled, competitive aggression used to maintain social status (Higley et al., 1996) , paralleling studies in humans showing that low serotonin function is associated with impulsive violence, rather than premeditated violence (Linnoila et al., 1983; Virkkunen et al., 1994) . The current findings advance our understanding of the role of serotonin in aggressive behavior by shedding light on how impaired serotonin function alters the neural circuitry of aggressive motivation. For individuals with compromised serotonin function, the appetitive drive for retaliation may carry stronger affective weight than the long-term benefits of controlling retaliatory impulses.
Costly punishment behavior is often described as the product of an intentional desire to enforce fairness norms (Knoch et al., 2006; Baumgartner et al., 2011), but the observation that costly Figure 5 . Effects of treatment on third-party punishment behavior. A, In each third-party punishment game, participants viewed a photograph of the Proposer and Receiver, and the Proposer's offer to the Receiver, and decided whether to spend a portion of an endowment to reduce the payoff of the Proposer. B, Choice data from third-party punishment, showing that the amount spent on punishment decreased as offer fairness increased. ATD tended to decrease third-party punishment of unfair, but not fair behavior. Error bars indicate SED. PLA, placebo. punishment can promote fair behavior in the group (Fehr and Fischbacher, 2003) does not necessarily imply that all punishment is motivated by fairness preferences (Herrmann et al., 2008; Houser and Xiao, 2010; Dreber and Rand, 2012) . Indeed, recent findings from public goods games suggest that there are at least two distinct types of costly punishment: moralistic, fairnessbased punishment, which is negatively correlated with impulsive choice and competitive, spiteful punishment, which is positively correlated with impulsive choice (Espín et al., 2012) . This work is consistent with our previous study showing that impulsive choice and costly punishment in the UG are positively correlated, and increase in tandem with ATD (Crockett et al., 2010b) . Collectively, these findings connect serotonin's role in promoting behavioral inhibition with its involvement in regulating retaliation. In social contexts, impaired behavioral inhibition may manifest as a lowered threshold for reactive aggression.
In sum, our findings provide behavioral and neurobiological evidence for multiple motives driving costly punishment: if all punishment were motivated by fairness preferences, then we would have observed similar effects of ATD on second-and third-party punishment. Instead, our neuroimaging data implies that impairing serotonin function enhanced the drive for retaliation while simultaneously reducing fairness preferences. Serotonin may therefore facilitate harmonious social interactions and promote cooperative social exchange by modulating the computation of social value.
